The way cells respond to DNA damage is important since inefficient repair or misrepair of lesions can have deleterious consequences, including mutation, genomic instability, neurodegenerative disorders, premature aging, cancer or death. Whether damage occurs spontaneously as a byproduct of normal metabolic processes, or after exposure to exogenous agents, cells muster a coordinated, complex DNA damage response (DDR) to mitigate potential harmful effects. A variety of activities are involved to promote cell survival, and include DNA repair, DNA damage tolerance, as well as transient cell cycle arrest to provide time for repair before entry into critical cell cycle phases, an event that could be lethal if traversal occurs while damage is present. When such damage is prolonged or not repairable, senescence, apoptosis or autophagy is induced. One major level of DDR regulation occurs via the orchestrated transcriptional control of select sets of genes encoding proteins that mediate the response. p53 is a transcription factor that transactivates specific DDR downstream genes through binding DNA consensus sequences usually in or near target gene promoter regions. The profile of p53-regulated genes activated at any given time varies, and is dependent upon type of DNA damage or stress experienced, exact composition of the consensus DNA binding sequence, presence of other DNA binding proteins, as well as cell context. RAD9 is another protein critical for the response of cells to DNA damage, and can also selectively regulate gene transcription. The limited studies addressing the role of RAD9 in transcription regulation indicate that the protein transactivates at least one of its target genes, p21/waf1/cip1, by binding to DNA sequences demonstrated to be a p53 response element. NEIL1 is also regulated by RAD9 through a similar DNA sequence, though not yet directly verified as a bonafide p53 response element. These findings suggest a novel pathway whereby p53 and RAD9 control the DDR through a shared mechanism involving an overlapping network of downstream target genes. Details and unresolved questions about how these proteins coordinate or compete to execute the DDR through transcriptional reprogramming, as well as biological implications, are discussed. Ó 2017 by Radiation Research Society
INTRODUCTION
DNA damage can occur after exposure to exogenous agents, or as a result of normal metabolic processes. If that damage is not properly repaired, harmful effects can ensue. Cells have a variety of pathways capable of repairing the damage, or causing senescence or death if damage lingers. p53 regulates the global cellular response to DNA damage, primarily by controlling transcription of a select set of downstream target genes through binding consensus sequences in or near gene promoter regions. RAD9 also plays a prominent role in the DNA damage response, through a variety of mechanisms, but notably also by transactivating genes. Moreover, studies thus far indicate that at least one and likely many target genes are regulated by both p53 and RAD9 interacting with the same DNA consensus sequences.
In this review, we summarize the myriad of mechanisms by which cells acquire DNA damage, the pathways used by cells to respond, the role of p53 in regulating the transcription of select target genes that participate in these pathways, and the similarities by which RAD9 can transactivate an apparently overlapping subset of p53 target genes to control genomic integrity. Future work to define the relationships between p53 and RAD9, in the context of regulating critical DNA damage responses, is also posed.
Acquisition of DNA Damage
DNA aberrations occur as a byproduct of normal physiological processes or after exposure to exogenous agents. Due to normal metabolic events alone, each cell incurs on average 10 4 -10 5 DNA lesions per day (1) . During DNA replication, errors such as DNA base pair mismatches can arise (2) . Reactive oxygen species produced from oxidative respiration or redox and Fenton reactions (3), and reactive oxygen and nitrogen species generated by macro-phages and neutrophils as part of the inflammatory response (4) cause DNA base damage or loss, as well as DNA strand breaks. Furthermore, DNA strand breaks occur during different processes such as immunoglobulin class switch recombination to produce immune receptor diversity (5) , and gametogenesis in meiotic prophase, specifically in pachytene, to generate genetic diversity (6) .
Besides damage generated as part of these inherent activities, environmental exposures to radiations or chemicals also cause DNA aberrations, with potential to inhibit transcription or DNA replication and lead to deleterious effects. Ultraviolet light emitted from the sun is highly prevalent on earth. The ozone layer completely filters out the very harmful UV-C (100-280 nm) component, and most of UV-B (280-315 nm), but a large fraction of UV-A (315-400 nm) reaches the earth's surface (7) . UV primarily causes two types of DNA aberrations, cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4 PPs), bulky lesions that block critical DNA transactions (8) . Ionizing radiation from radon in rocks and soil, diagnostic and therapeutic medical procedures, airline travel, and nuclear power plant accidents, such as in Chernobyl in 1986 (9) and more recently in Fukushima Daiichi (10) causes a wide spectrum of DNA aberrations including single and double DNA strand breaks. Industrial waste products containing heavy metals such as arsenic, cadmium, chromium and nickel cause oxidative stress and DNA damage (11) . Even food can contain DNA damaging agents. Heterocyclic aromatic amines are produced when meats are heated above 1808C and can react with purine bases, resulting in bulky DNA adducts that have potential to cause mutations and cancer (12) . Aflatoxins are produced by the molds Aspergillus flavus and Aspergillus parasiticus, which are sometimes found in peanuts, cottonseed, corn, rice, tree nuts or other foods when improperly stored (13) .
Metabolites of aflatoxins intercalate into DNA, aberrantly alkylate bases, and cause mutations as well as cancer (14, 15) . Therefore, since genomic DNA frequently incurs damage induced by agents emanating from a large array of sources, both intracellular and extracellular, repair must occur to insure cell survival and the well being of each organism.
The DNA Damage Response (DDR) and Genomic Stability
Multiple mechanisms are available for cells to repair DNA damage. A large array of DNA repair processes mend damage directly through homologous recombination repair, non-homologous end joining (16) , alternative non-homologous end joining (17) , such as through microhomologymediated DNA strand annealing (18) , nucleotide excision repair (19) , base excision repair (20, 21) , transcriptioncoupled repair (22) and mismatch repair (23) . Damage tolerance mechanisms, such as translesion synthesis (TLS) and recombination-dependent daughter-strand gap repair (DSGR) (24, 25) , as well as direct reversal of UV-induced pyrimidine dimers by photoreactivation (26) also occur.
Furthermore, cell cycle checkpoint mechanisms transiently delay cell cycle progression at specific junctures to provide extra time for restoration of DNA integrity before entry into critical cell cycle phases (27) . If damage remains unrepaired or lingers for a prolonged period of time, senescence (28), or death by apoptosis or autophagy (29) will take place. All of these processes have been studied independently and in isolation, yet there is a higher level of organization and coordination, which is referred to as the DNA damage response [(DDR (30) (31) (32) (33) ].
When cells incur DNA damage, a complex, global cellular process becomes activated, which regulates activities that promote repair and address difficulties with DNA replication. Generally, it consists of sensors that detect damage, transducers capable of rapidly sending signals, and downstream effectors that perform functions to enhance genomic integrity (30) . DNA strand breaks are highly potent inducers of the DDR (34, 35) . The kinases ATM and ATR are activated early in the signaling response cascade to damage (36) . It was originally thought these two proteins mediate signaling independently. For example, ionizing radiation-induced DNA double-strand breaks lead to activation of ATM and then cell cycle checkpoint control in a CHK2 dependent manner, after this latter protein is phosphorylated by ATM at Thr-68 (37, 38) . Single-or double-strand breaks and other types of damage cause DNA replication forks to stall. This activates ATR, which then activates CHK1 via phosphorylation on Ser-317 and Ser-345 (39-41). Subsequently, both of these signaling events lead to cell cycle delays. The cell cycle can be blocked at the G 1 /S transition point, within S phase, or at the G 2 /M transition, depending upon the nature of the DNA damage and the cell cycle phase at the time damage is encountered. CHK1 and CHK2 modify cell cycle progression through reduction of cyclin dependent kinase activity by several mechanisms (42) . However, it is clear that ATM and ATR have overlapping but nonredundant functions. ATM along with the nuclease activity of MRE11 act to initiate resection at radiationinduced DNA double-strand breaks, generating singlestranded DNA coated with Replication Protein A (RPA), which is required for ATR recruitment and CHK1 phosphorylation. This latter activity is restricted to the S and G 2 phases of the cell cycle (43) .
Aside from damage-induced signaling to produce cell cycle delays, ATM and ATR have numerous targets that also promote increased repair of damaged DNA, or induce senescence or cell death. Downstream events occur by diverse mechanisms that include transcriptional regulation of genes (44) , protein-protein interactions (45) , or posttranslational modulation of proteins by acetylation, methylation, neddylation, phosphorylation, poly-ADP-ribosylation, sumoylation, and mono-as well as polyubiquitylation that alter their activities or modulate recruitment to sites of DNA damage (30, 45, 46).
P53 AND THE TRANSCRIPTIONAL RESPONSE TO DNA DAMAGE
The p53 protein is an important and predominant tumor suppressor, as it is inactivated most often by a gene mutation in more than 50% of human cancers (47) . A significant component of the response of cells to DNA damage involves transcriptional reprogramming, and p53 plays a major role as a transactivator of gene expression under these circumstances (34, 48) . It directly controls expression of several hundred RNA polymerase II transcribed genes, and thousands of others indirectly (49) . p53 functions primarily as a transcription factor with a defined yet extensive set of downstream target genes whose encoded proteins mediate critical DNA damage response activities. For example, p53 regulates autophagy by transactivating expression of DRAM (50). Apoptosis is controlled by direct transcriptional regulation of BAD (51), BAX (52), BID (53), ECK (54), PUMA (55, 56, 57) and several other genes. Cell cycle arrest in response to DNA damage occurs through the ability of p53 to activate transcription of p21 (58) and 14-3-3sigma (59) . DNA repair activity is altered by p53 through regulation of genes such as DDB2 (60) and XPC (61, 62). The direct transactivation by p53 of PAI-1 controls senescence (63) . p53 regulates the response of cells to a wide array of stress through transactivation of overlapping subsets of its target genes, dependent upon the kind of stress or damage incurred, as well as the type or origin of host cell or tissue. Nevertheless, it is not fully clear how p53 selects the specific, limited set of genes transactivated when certain stress conditions prevail. Certainly, target gene transcription regulatory sequences bound by p53, post-translational modifications of the p53 protein, and an array of binding partners all contribute to the profile of genes expressed under different conditions (49) .
Of note, p53 can also repress expression of certain genes when DNA damage is encountered, with great specificity as well (64, 65) .
Gene Transactivation by p53 through DNA Consensus Sequence Binding p53 recognizes and binds specific DNA sequences usually upstream of the transcription start site in target genes, resulting in transcriptional activation. However, these p53 response elements are not restricted to promoter regions, and can also be found within early intronic sequences, as well as within exons (49) . Analyses of several independent p53 binding sites in the human genome revealed consensus sequences with internal symmetry, made up of 2 copies of 5 0 -PuPuPuC(A/T)(T/A)GPyPyPy-3 0 separated by 0-13 base pairs (66) . However, the effects of p53 binding on transcriptional activity are not always predictable, even when consensus sequences are present. Wang et al. (67) analyzed the role of specific nucleotides within the sequence for impact on p53-mediated transcription. They found that a specific dinucleotide core combination within the CWWG motif (i.e., W is a purine base) is critical for determining whether p53 will activate or, in contrast, repress transcription. They also demonstrated that the triplet RRR and YYY sequences (i.e., R is an adenine or guanine base and Y is a pyrimidine) bordering the core motif could modulate the transcriptional activity of p53. Another group reported the analysis of canonical and noncanonical p53 response elements in the entire human genome, and ranked them according to predicted transactivation potential (68). They assessed not only full standard canonical sites but also partial motifs, and demonstrated that all of these sequences could function as p53 response elements to activate transcription of associated coding sequences.
Cooperative and Competitive Binding of p53 to DNA p53 protein binds its target gene DNA consensus sequences in a 4:1 ratio, and in a cooperative manner (69, 70) . Interestingly, Schlereth and co-workers (71) found that the ability of p53 to bind cooperatively to a specific consensus site could be used to predict which genes will be transactivated. For example, they reported that lowcooperativity consensus sequences are enriched in genes that encode cell cycle functions, whereas high-cooperativity consensus sequences are enriched in apoptosis-related genes. Cis-overlapping motifs specific to different transcription factors can influence p53 binding. For example, there are sites in the genome where p53 and c-MYC binding motifs share sequences, so competition for binding and gene transactivation is clearly an issue (72) . This is important biologically, as p53 is a tumor suppressor and c-MYC is an oncogene.
Regulation of p53 Stability and Activity
Under normal metabolic nonstress conditions, p53 has a short half-life in cells. However, under stress, p53 must be stabilized to ensure proper transactivation of downstream target genes. There is much known about the regulation of p53 stability (47, 73) . MDM2 is an E3 ubiquitin ligase and a major directly acting, key negative regulator of p53 (74, 75) . MDM2 ubiquitinates p53, and this post-translational event triggers rapid p53 nuclear export, and proteosomal degradation, efficiently neutralizing p53-mediated transactivity function. Levels and function of MDM2 are tightly controlled in response to specific stress, helping ensure p53 stability when appropriate, and thus proper cellular responses after DNA damaging agent exposures. Furthermore, the p53 and MDM2 relationship is even more complex since they form a critical autoregulatory loop, as the MDM2 gene is a specific transcriptional target of p53 (76) (77) (78) . Phosphorylation plays an important role in the p53-MDM2 interaction, and ultimately p53 stability and function.
JNK-mediated phosphorylation of p53 inhibits the p53-MDM2 interaction, stabilizes p53, and permits transactivity (79) . c-ABL is a tyrosine kinase that binds p53 in response to stress and antagonizes the MDM2 inhibitory effect, resulting in enhanced p53 stability and function (73) . The phosphorylation of p53 by ATM at serine-15 after ionizing radiation exposure reduces the affinity of p53 for MDM2, also resulting in reduced p53 degradation facilitated by MDM2 and thus enhanced p53 protein stability and function (74) . Phosphorylation of p53 on serine-20 by Chk2 and Chk1 stabilizes the protein as well (80, 81) . In addition, phosphorylation of p53 serine-15 and serine-37 by DNA-dependent protein kinase (DNA-PK), in response to DNA damage, impairs the inhibition of the p53 transactivation function by MDM2 (82) .
MDMX (also called MDM4) is another major negative regulator of p53, and like MDM2 it is a direct transcriptional target of p53 (78) . MDMX has no intrinsic E3-ligase activity, but it regulates p53 abundance indirectly by modulating the levels and activity of MDM2 (83) . In addition, through direct binding to p53, MDMX strongly inhibits p53 transactivation function without appreciably affecting stability (84) . Although p53 is a significant, established regulator of MDM2 and MDMX transcription, other signaling pathways and elements that control their expression are emerging (85) (86) (87) (88) .
An analysis of single cells after gamma-ray exposure revealed that p53 is expressed as a series of pulses, either zero, one, two or more (89) . Although the average height and duration of each pulse is independent of amount of DNA damage, pulse number is directly related to damage level. Pulses of the upstream signaling kinases, ATM and CHK2, control these p53 pulses and uniform pulse shape is controlled by negative feedback between p53 and ATM, through Wip1 activity (90) . Furthermore, ATM could repeatedly initiate p53 pulses in response to lingering DNA damage. In contrast, 254 nm UV light induces a single p53 pulse and the amplitude as well as duration are proportional to the UV dose (91) . Transient damage is spontaneously produced during normal metabolic processes, including passage through the cell cycle, and pulses of p53 can be detected in those cells even without exposure to exogenous DNA damaging agents (92) . However, such intrinsic damage is not sustained, and post-translational modifications prevent p53 from being activated and in turn inducing the DDR.
DIVERSE ROLES OF RAD9 IN THE DNA DAMAGE RESPONSE AND MAINTAINING GENOMIC STABILITY
RAD9 has multiple functions that play critical roles in the response of cells to DNA damage, whether caused by normal metabolic processes or exposure to exogenous DNA damaging agents (93, 94) . The human protein can function as part of a complex with HUS1 and RAD1 [i.e., 9-1-1 complex (95)], but also independently (96, 97) . Knock out or knock down of RAD9 in mammalian cells causes extreme cellular sensitivity to a large variety of radiations and chemicals that damage DNA, and influences genomic stability through very complex and diverse activities. RAD9 is essential for maintaining genomic integrity even in the absence of exogenous DNA damaging agents, as loss of function causes increased frequencies of spontaneous chromosome and chromatid breaks, gene mutation and micronuclei formation (93, 98) .
RAD9 plays a number of key roles that promote resistance to radiation-induced DNA damage. For example, the protein is critical for cell cycle arrest (99) . After DNA damage is incurred, DNA-bound RPA binds ATRIP, which stimulates the RAD17-RFC2-5 complex to recruit 9-1-1 to the damaged site, perhaps containing inappropriate singlestranded DNA, primed single-stranded DNA or DNA with a gap (100). Binding of 9-1-1 at the damaged site brings TOPBP1 to that location via an interaction with the phosphorylated C-terminal tail of RAD9. TOPBP1 then activates ATR, an event that depends upon ATRIP and is facilitated also by RHINO (101, 102) . This in turn leads to the phosphorylation and activation of the CHK1 kinase, and a variety of other downstream target proteins. The Cterminus of RAD9 is also important for bringing CLASPIN to the damaged site, which aids in CHK1 activation as well (103, 104) . This complex signaling cascade culminates in cell cycle arrest and the stabilization as well as restart of replication forks as needed (105) .
In addition to having a major role in cell cycle checkpoint control, RAD9 participates in five DNA repair pathways, mainly through protein-protein interactions that stimulate the activity of binding partners. RAD9 functions in homologous recombination repair (106) , base excision repair (107) (108) (109) (110) (111) , nucleotide excision repair (112), mismatch repair (113) , and alternative non-homologous end joining [such as microhomology-mediated DNA strand annealing (114, 115) ]. Post-translational processing of RAD9 can influence repair. For example, phosphorylation of RAD9 Ser-272 by ATM can impact recombinational repair efficiency and genomic stability (116) .
RAD9 functions as a pro-apoptotic (117, 118) or antiapoptotic protein (98) , depending upon cell context and level of abundance. RAD9 has a BH3-like domain in its Nterminal region that binds the anti-apoptotic proteins BCL-XL and BCL-2 to promote programmed cell death. c-ABL can phosphorylate tyrosine-28 in the RAD9 BH3-like domain, which promotes binding of the anti-apoptotic protein BCL-XL to that domain and consequently apoptosis (119) . Phosphorylation of RAD9 by protein kinase Cd (PKCd) regulates the interaction between RAD9 and BCL-2, and consequently the apoptotic response to DNA damage (120) .
RAD9 REGULATES TRANSCRIPTION OF GENES
THAT CONTRIBUTE TO THE DNA DAMAGE RESPONSE RAD9 and p53 are important for executing the proper cellular response to DNA damage, including cell cycle p53, RAD9, AND THE DNA DAMAGE RESPONSE checkpoint control and DNA repair. p53 functions primarily in this regard as a transcriptional reprogrammer, to activate or repress expression of genes central to the DDR (34, 49) . In contrast, most DDR functions reported thus far for RAD9 involve protein-protein interactions that facilitate the phosphorylation and, consequently, activation of other proteins, or stimulate their activity directly through physical interactions. These activities often involve RAD9 bound to HUS1 and RAD1. However, like p53, RAD9 can transactivate the expression of genes whose encoded proteins mediate the DDR, as well as other cellular processes, and there is no evidence that HUS1 and RAD1 are involved (97, 111) . p53 regulates the radiation-induced G 1 checkpoint in part by transactivation of p21 waf1/cip1 (121) (122) (123) , which encodes a protein that halts progression of the cell cycle by inhibiting cyclins and cyclin-dependent kinases, such as CDK4 and CDK6 (124) . RAD9 also regulates expression of p21 by binding to the same p53 consensus DNA sequences in the promoter region of the gene, even in the absence of p53 (97, 125) . Ishikawa et al. (126) confirmed that RAD9 can control p21 expression. These investigators further showed that p53 and RAD9 physically interact, and that UV exposure enhances binding of RAD9 to the p53 response element in the p21 promoter. RAD9 also functions as a tumor suppressor by inducing p21-dependent senescence, and suppressing epithelial to mesenchymal transition by binding to the SLUG promoter and inhibiting transcription (127) . The ability of p53 to act as a tumor suppressor is also rooted in its ability to control p21 expression (128) . In addition to p21, RAD9 regulates transcription of the base excision repair gene NEIL1 through binding p53 response-like elements in the gene promoter, and consequentially regulates BER via this transactivation function (111); However, the ability of p53 to recognize those same sequences and transactivate NEIL1 as well has not yet been reported. A limited microarray gene expression screen revealed that RAD9 can regulate expression of 92 genes, and it will be important to determine whether that control is direct and through p53 response elements (97) . Regardless, it is becoming clear that RAD9 and p53 impact carcinogenesis and the DDR via transcriptional control of an overlapping set of genes encoding proteins critical for maintaining genomic stability.
This model of RAD9 and p53 regulating DDR by transactivation of an overlapping set of genes is illustrated in Fig. 1 .
CONCLUSIONS ANF FUTURE GOALS
When cells incur DNA damage, a complex global cellular system known as the DNA damage response is activated to promote survival and minimize deleterious biological effects, or activate senescence or a cell death program if damage is extensive or lingers. The system involves sensors, transducers and effectors that orchestrate DNA repair and cell cycle arrest, to ensure genomic stability and normal replication fork function. p53 and RAD9 are key players in the DDR, and each regulates multiple response phenotypes. p53 functions primarily as a transactivator, although sometimes also as a repressor of select subsets of downstream genes in response to specific types of stress, and binding to response elements usually near transcription start sites allows precise control of target gene expression. Most studies describing the mechanism by which RAD9 regulates the DDR involve protein-protein interactions that stimulate binding partner activity as a result of physical proximity, or that facilitate acquisition of post-translational modifications to enhance or focus activity. However, RAD9 also contributes to the DDR by regulating transcription of genes encoding proteins critical for DNA repair or cell cycle progression.
The fact that RAD9 and p53 can control expression of genes by binding common DNA sequences raises a number of questions, and can form the foundation for future work. Do these proteins bind shared response elements in a coordinated or competitive manner? Are their activities independent, antagonistic or synergistic with respect to controlling gene expression? What is the role of co-factors, binding partners, post-translational modifications, epigenetic changes, or chromatin structure in determining the relationships between RAD9 and p53? Do the relationships change in response to different types of stress? These are important questions since an improper DDR can lead to genomic instability, mutation and cancer. In this regard, p53 is a key tumor suppressor (47) and RAD9 can function as either a tumor suppressor or oncogene (127, 129, (130) (131) (132) .
Understanding how they mediate the response of cells to DNA damage, and significance with respect to carcinogenesis, could reveal novel strategies and targets for anti-cancer therapy.
FIG. 1. RAD9 and p53 regulation of the transcriptional response to DNA damage. In brief, the model proposes that DNA damage induces a signaling cascade, within which p53 and RAD9 transactivate an overlapping set of genes that control the response of cells to DNA damage. Exactly how RAD9 and p53 interact, whether independently, coordinately or competitively to activate transcription has yet to be determined.
